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A Central Question

• The circumgalactic medium (CGM) and the intergalactic medium (IGM) 

host the vast majority of the baryons (~90%)

• The CGM refers to gas contained within dark matter halos

• It extends from low mass galaxies to massive clusters (where it is known as the intra-
cluster medium, or ICM)

• The IGM is the more widely distributed gas, not bound to a particular halo  

• They are critical elements of galaxy evolution

• Reflect the impact of feedback and serve as a gas reservoir for star formation 

• They are important for cosmology

• The baryon distribution affects the dark matter power spectrum (at least on small 
scales), and hence dark sector studies (e.g., Stage IV dark energy surveys)
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Cosmic Web

d

Galaxies

90% of the baryons are in the CGM/IGM that we 
know little about.
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Tumlinson et al. (2017)
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Focus on CGM: An Observational Challenge  

• In clusters, the ICM has long been observed in X-rays and via the 
thermal Sunyaev-Zeldovich (tSZ) effect – “Easy”
• Much more difficult to observe in galaxy and group halos, but they 

contain most of the mass
• Typical temperatures and densities:
• Faint emission

• A number of observational probes at different wavelengths
• We need a comprehensive approach combining these probes
• HabEx will be one such element in the 2030s
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Physical Properties To Be Measured

• Density and spatial distribution
• Ionization state 
• Composition, i.e., metallicity
• Temperature(s)
• Multi-phase structure

• Relation of all above to host galaxy properties
• Relation of all above to feedback
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Observational Probes and Methods

• Probes

• X-ray emission

• Spectral lines

• Absorption against background sources

• Emission

• NEW: Thermal SZ (tSZ) and kinetic SZ (kSZ) effects

• Methods

• Detailed study of individual objects

• Statistical studies, e.g., cross-correlations and stacking
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Observational Probes: 2030s

• X-ray emission
• European Space Agency’s Athena mission

• Spectral lines
• Absorption: HabEx, …
• Emission: large galaxy redshift surveys

• New: Thermal SZ (tSZ) and kinetic SZ (kSZ) effects
• CMB-Stage 4 (CMB-S4), CMB-High Definition (CMB-HD), space mission (e.g., 

PICO)?
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Observational Probes: 2030s

• X-ray emission and spectra

• & 

• Spectral lines

• Absorption:

• Emission:

• New: tSZ and kinetic SZ (kSZ) effects

• &

• We can learn about densities, distributions, temperatures, ionization 

state and multi-phase structure
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⇠ n
ion

T
mw

<latexit sha1_base64="mqXx1MEeEoiUZcCCKP00LHcejmo=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSL4KrMiKDLghtxVaE3aMuQSTNtaJIZkoxShi7c+CpuXCji1odw59uYtrPQ1h8CH/85h5Pzhwln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+HpWb99TpVksG2aS0L7AQ8kiRrCxVuCWe5oJJIOspwSyzhQ1FiwepoFb8areXGgV/BwqkKseuF+9QUxSQaUhHGvd9b3E9DOsDCOcTku9VNMEkzEe0q5FiQXV/Wx+xBSdWmeAoljZJw2au78nMiy0nojQdgpsRnq5NjP/q3VTE131MyaT1FBJFouilCMTo1kiaMAUJYZPLGCimP0rIiOsMDE2t5INwV8+eRVa51Xfq/p3F5XabR5HEcpwAmfgwyXU4Abq0AQCj/AMr/DmPDkvzrvzsWgtOPnMMfyR8/kDapeX9g==</latexit><latexit sha1_base64="mqXx1MEeEoiUZcCCKP00LHcejmo=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSL4KrMiKDLghtxVaE3aMuQSTNtaJIZkoxShi7c+CpuXCji1odw59uYtrPQ1h8CH/85h5Pzhwln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+HpWb99TpVksG2aS0L7AQ8kiRrCxVuCWe5oJJIOspwSyzhQ1FiwepoFb8areXGgV/BwqkKseuF+9QUxSQaUhHGvd9b3E9DOsDCOcTku9VNMEkzEe0q5FiQXV/Wx+xBSdWmeAoljZJw2au78nMiy0nojQdgpsRnq5NjP/q3VTE131MyaT1FBJFouilCMTo1kiaMAUJYZPLGCimP0rIiOsMDE2t5INwV8+eRVa51Xfq/p3F5XabR5HEcpwAmfgwyXU4Abq0AQCj/AMr/DmPDkvzrvzsWgtOPnMMfyR8/kDapeX9g==</latexit><latexit sha1_base64="mqXx1MEeEoiUZcCCKP00LHcejmo=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSL4KrMiKDLghtxVaE3aMuQSTNtaJIZkoxShi7c+CpuXCji1odw59uYtrPQ1h8CH/85h5Pzhwln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+HpWb99TpVksG2aS0L7AQ8kiRrCxVuCWe5oJJIOspwSyzhQ1FiwepoFb8areXGgV/BwqkKseuF+9QUxSQaUhHGvd9b3E9DOsDCOcTku9VNMEkzEe0q5FiQXV/Wx+xBSdWmeAoljZJw2au78nMiy0nojQdgpsRnq5NjP/q3VTE131MyaT1FBJFouilCMTo1kiaMAUJYZPLGCimP0rIiOsMDE2t5INwV8+eRVa51Xfq/p3F5XabR5HEcpwAmfgwyXU4Abq0AQCj/AMr/DmPDkvzrvzsWgtOPnMMfyR8/kDapeX9g==</latexit><latexit sha1_base64="mqXx1MEeEoiUZcCCKP00LHcejmo=">AAACBHicbZDLSgMxFIbP1Futt1GX3QSL4KrMiKDLghtxVaE3aMuQSTNtaJIZkoxShi7c+CpuXCji1odw59uYtrPQ1h8CH/85h5Pzhwln2njet1NYW9/Y3Cpul3Z29/YP3MOjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+HpWb99TpVksG2aS0L7AQ8kiRrCxVuCWe5oJJIOspwSyzhQ1FiwepoFb8areXGgV/BwqkKseuF+9QUxSQaUhHGvd9b3E9DOsDCOcTku9VNMEkzEe0q5FiQXV/Wx+xBSdWmeAoljZJw2au78nMiy0nojQdgpsRnq5NjP/q3VTE131MyaT1FBJFouilCMTo1kiaMAUJYZPLGCimP0rIiOsMDE2t5INwV8+eRVa51Xfq/p3F5XabR5HEcpwAmfgwyXU4Abq0AQCj/AMr/DmPDkvzrvzsWgtOPnMMfyR8/kDapeX9g==</latexit>

⇠ v

c
n
ion

<latexit sha1_base64="MSRzJV3TyjPmjnNsWbgZSzmLj50=">AAACBHicbVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXARqwimETIHcfeZi9Zsrt37O4FwnGFjX/FxkIRW3+Enf/GzUehiQ8GHu/NMDMvSjnTxnW/ndLa+sbmVnm7srO7t39QPTzq6CRThLZJwhP1EGFNOZO0bZjh9CFVFIuI0240up763TFVmiXy3kxSGgg8kCxmBBsrhdWar5lAfqwwycdFTgoZ5r4SyJpFWK27DXcGtEq8BanDAq2w+uX3E5IJKg3hWOue56YmyLEyjHBaVPxM0xSTER7QnqUSC6qDfPZEgU6t0kdxomxJg2bq74kcC60nIrKdApuhXvam4n9eLzPxVZAzmWaGSjJfFGccmQRNE0F9pigxfGIJJorZWxEZYhuIsblVbAje8surpHPe8NyGd3dRb94u4ihDDU7gDDy4hCbcQAvaQOARnuEV3pwn58V5dz7mrSVnMXMMf+B8/gCIYZit</latexit><latexit sha1_base64="MSRzJV3TyjPmjnNsWbgZSzmLj50=">AAACBHicbVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXARqwimETIHcfeZi9Zsrt37O4FwnGFjX/FxkIRW3+Enf/GzUehiQ8GHu/NMDMvSjnTxnW/ndLa+sbmVnm7srO7t39QPTzq6CRThLZJwhP1EGFNOZO0bZjh9CFVFIuI0240up763TFVmiXy3kxSGgg8kCxmBBsrhdWar5lAfqwwycdFTgoZ5r4SyJpFWK27DXcGtEq8BanDAq2w+uX3E5IJKg3hWOue56YmyLEyjHBaVPxM0xSTER7QnqUSC6qDfPZEgU6t0kdxomxJg2bq74kcC60nIrKdApuhXvam4n9eLzPxVZAzmWaGSjJfFGccmQRNE0F9pigxfGIJJorZWxEZYhuIsblVbAje8surpHPe8NyGd3dRb94u4ihDDU7gDDy4hCbcQAvaQOARnuEV3pwn58V5dz7mrSVnMXMMf+B8/gCIYZit</latexit><latexit sha1_base64="MSRzJV3TyjPmjnNsWbgZSzmLj50=">AAACBHicbVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXARqwimETIHcfeZi9Zsrt37O4FwnGFjX/FxkIRW3+Enf/GzUehiQ8GHu/NMDMvSjnTxnW/ndLa+sbmVnm7srO7t39QPTzq6CRThLZJwhP1EGFNOZO0bZjh9CFVFIuI0240up763TFVmiXy3kxSGgg8kCxmBBsrhdWar5lAfqwwycdFTgoZ5r4SyJpFWK27DXcGtEq8BanDAq2w+uX3E5IJKg3hWOue56YmyLEyjHBaVPxM0xSTER7QnqUSC6qDfPZEgU6t0kdxomxJg2bq74kcC60nIrKdApuhXvam4n9eLzPxVZAzmWaGSjJfFGccmQRNE0F9pigxfGIJJorZWxEZYhuIsblVbAje8surpHPe8NyGd3dRb94u4ihDDU7gDDy4hCbcQAvaQOARnuEV3pwn58V5dz7mrSVnMXMMf+B8/gCIYZit</latexit><latexit sha1_base64="MSRzJV3TyjPmjnNsWbgZSzmLj50=">AAACBHicbVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXARqwimETIHcfeZi9Zsrt37O4FwnGFjX/FxkIRW3+Enf/GzUehiQ8GHu/NMDMvSjnTxnW/ndLa+sbmVnm7srO7t39QPTzq6CRThLZJwhP1EGFNOZO0bZjh9CFVFIuI0240up763TFVmiXy3kxSGgg8kCxmBBsrhdWar5lAfqwwycdFTgoZ5r4SyJpFWK27DXcGtEq8BanDAq2w+uX3E5IJKg3hWOue56YmyLEyjHBaVPxM0xSTER7QnqUSC6qDfPZEgU6t0kdxomxJg2bq74kcC60nIrKdApuhXvam4n9eLzPxVZAzmWaGSjJfFGccmQRNE0F9pigxfGIJJorZWxEZYhuIsblVbAje8surpHPe8NyGd3dRb94u4ihDDU7gDDy4hCbcQAvaQOARnuEV3pwn58V5dz7mrSVnMXMMf+B8/gCIYZit</latexit>

⇠ n2

ion

T 1/2
em

<latexit sha1_base64="ftEFb+J97MsX+7yEfPySSKe5ufs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNF0GXBjbiq0Be005JJb9vQJDMkGaEM8wFu/BU3LhRx6we4829M21lo64HAyTnnktwTRJxp47rfTm5tfWNzK79d2Nnd2z8oHh41dRgrCg0a8lC1A6KBMwkNwwyHdqSAiIBDK5jczPzWAyjNQlk30wh8QUaSDRklxkr9YqmrmcCyn3SVwFZJexVcX9xApL3Eu6ikNuWW3TnwKvEyUkIZav3iV3cQ0liANJQTrTueGxk/IcowyiEtdGMNEaETMoKOpZII0H4yXybFZ1YZ4GGo7JEGz9XfEwkRWk9FYJOCmLFe9mbif14nNsNrP2Eyig1IunhoGHNsQjxrBg+YAmr41BJCFbN/xXRMFKHG9lewJXjLK6+SZqXsuWXv/rJUvcvqyKMTdIrOkYeuUBXdohpqIIoe0TN6RW/Ok/PivDsfi2jOyWaO0R84nz+PS5qs</latexit><latexit sha1_base64="ftEFb+J97MsX+7yEfPySSKe5ufs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNF0GXBjbiq0Be005JJb9vQJDMkGaEM8wFu/BU3LhRx6we4829M21lo64HAyTnnktwTRJxp47rfTm5tfWNzK79d2Nnd2z8oHh41dRgrCg0a8lC1A6KBMwkNwwyHdqSAiIBDK5jczPzWAyjNQlk30wh8QUaSDRklxkr9YqmrmcCyn3SVwFZJexVcX9xApL3Eu6ikNuWW3TnwKvEyUkIZav3iV3cQ0liANJQTrTueGxk/IcowyiEtdGMNEaETMoKOpZII0H4yXybFZ1YZ4GGo7JEGz9XfEwkRWk9FYJOCmLFe9mbif14nNsNrP2Eyig1IunhoGHNsQjxrBg+YAmr41BJCFbN/xXRMFKHG9lewJXjLK6+SZqXsuWXv/rJUvcvqyKMTdIrOkYeuUBXdohpqIIoe0TN6RW/Ok/PivDsfi2jOyWaO0R84nz+PS5qs</latexit><latexit sha1_base64="ftEFb+J97MsX+7yEfPySSKe5ufs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNF0GXBjbiq0Be005JJb9vQJDMkGaEM8wFu/BU3LhRx6we4829M21lo64HAyTnnktwTRJxp47rfTm5tfWNzK79d2Nnd2z8oHh41dRgrCg0a8lC1A6KBMwkNwwyHdqSAiIBDK5jczPzWAyjNQlk30wh8QUaSDRklxkr9YqmrmcCyn3SVwFZJexVcX9xApL3Eu6ikNuWW3TnwKvEyUkIZav3iV3cQ0liANJQTrTueGxk/IcowyiEtdGMNEaETMoKOpZII0H4yXybFZ1YZ4GGo7JEGz9XfEwkRWk9FYJOCmLFe9mbif14nNsNrP2Eyig1IunhoGHNsQjxrBg+YAmr41BJCFbN/xXRMFKHG9lewJXjLK6+SZqXsuWXv/rJUvcvqyKMTdIrOkYeuUBXdohpqIIoe0TN6RW/Ok/PivDsfi2jOyWaO0R84nz+PS5qs</latexit><latexit sha1_base64="ftEFb+J97MsX+7yEfPySSKe5ufs=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4qjNF0GXBjbiq0Be005JJb9vQJDMkGaEM8wFu/BU3LhRx6we4829M21lo64HAyTnnktwTRJxp47rfTm5tfWNzK79d2Nnd2z8oHh41dRgrCg0a8lC1A6KBMwkNwwyHdqSAiIBDK5jczPzWAyjNQlk30wh8QUaSDRklxkr9YqmrmcCyn3SVwFZJexVcX9xApL3Eu6ikNuWW3TnwKvEyUkIZav3iV3cQ0liANJQTrTueGxk/IcowyiEtdGMNEaETMoKOpZII0H4yXybFZ1YZ4GGo7JEGz9XfEwkRWk9FYJOCmLFe9mbif14nNsNrP2Eyig1IunhoGHNsQjxrBg+YAmr41BJCFbN/xXRMFKHG9lewJXjLK6+SZqXsuWXv/rJUvcvqyKMTdIrOkYeuUBXdohpqIIoe0TN6RW/Ok/PivDsfi2jOyWaO0R84nz+PS5qs</latexit>

Ts
<latexit sha1_base64="HXwyIppE5Prt3/zQh7C7Dq8wLPs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF/FUpV/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSybZpqgH9GR5CFn1FjpsakH5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5rwxs+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtK+qnlv1Hq4r9fs8jiKcwTlcggc1qMMdNKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+AIWkjV0=</latexit><latexit sha1_base64="HXwyIppE5Prt3/zQh7C7Dq8wLPs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF/FUpV/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSybZpqgH9GR5CFn1FjpsakH5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5rwxs+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtK+qnlv1Hq4r9fs8jiKcwTlcggc1qMMdNKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+AIWkjV0=</latexit><latexit sha1_base64="HXwyIppE5Prt3/zQh7C7Dq8wLPs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF/FUpV/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSybZpqgH9GR5CFn1FjpsakH5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5rwxs+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtK+qnlv1Hq4r9fs8jiKcwTlcggc1qMMdNKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+AIWkjV0=</latexit><latexit sha1_base64="HXwyIppE5Prt3/zQh7C7Dq8wLPs=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeCF/FUpV/QhrLZTtqlm03Y3Qgl9B948aCIV/+RN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RQ2Nre2d4q7pb39g8Oj8vFJW8epYthisYhVN6AaBZfYMtwI7CYKaRQI7AST27nfeUKleSybZpqgH9GR5CFn1FjpsakH5YpbdRcg68TLSQVyNAblr/4wZmmE0jBBte55bmL8jCrDmcBZqZ9qTCib0BH2LJU0Qu1ni0tn5MIqQxLGypY0ZKH+nshopPU0CmxnRM1Yr3pz8T+vl5rwxs+4TFKDki0XhakgJibzt8mQK2RGTC2hTHF7K2FjqigzNpySDcFbfXmdtK+qnlv1Hq4r9fs8jiKcwTlcggc1qMMdNKAFDEJ4hld4cybOi/PufCxbC04+cwp/4Hz+AIWkjV0=</latexit>



Considerations for Sample Selection

• How to distribute a given total observation time? 
1. Small sample, high S/N
2. Large sample, low S/N and stacking/cross-correlations

• Arguments in favor of choice 2:
• More representative sample for population trends
• Divide into sub-samples to measure scaling relations
• Spectral line observations only sample a finite number of sightlines (often 1) 

through an individual object
• When using survey data (e.g., CMB), sensitivity is pre-set: must deal with low 

S/N
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Example: Approach 2 - Sample with HabEx, 
CMB and X-ray
• Estimate size of HabEx sample for UV absorption line studies

• Select galaxies at low z (Ly-alpha in UV)
• Used ETC to estimate integration time to reach S/N~1 on ~1 background 

source per foreground galaxy
• To reach S/N~1 at at R=3000 (100 km/s) on ~1 background source in HabEx

field-of-view centered on foreground galaxy: magFUV =23AB based on FUV 
source counts

• With 25% overhead: ~ 25mins/object
• Program of 1000 objects requires ~416 hours

• Look at combining with other observations
• CMB-S4 and possible CMB-HD instrument
• X-ray: Athena 
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CMB-S4: tSZ sensitivity for galaxy-sized halos

• Survey
• 40% of sky at 1.5 arcmin resolution to ~1 muK-arcmin sensitivity in 7 years
• Start ~2025

• Dedicated point to go deeper:
• 24 square degrees to 0.1 muK-arcmin sensitivity in 1 year
• Could be proposed after main CMB-S4 survey 
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CMB-S4 Main Survey Sensitivity
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CMB-S4 Deep Survey Sensitivity
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CMB-HD

• Instrument set-up
• 95, 150, 220 GHz
• 27, 20, 17 arcsec resolution
• 0.15, 14, 0.36 muK-arcmin sensitivity over 10-100 square degrees 
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CMB-HD
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Conclusion

• The distribution and physical characteristics of the CGM/IGM is a 
central question in galaxy evolution and important for stage IV dark 
energy surveys
• Need a comprehensive observational approach across wavebands, 

observational probes and methodology
• HabEx will be a powerful element of such a program in the 2030s
• We’re evaluating what can be learned by these kinds of 

comprehensive studies
• Toy example of HabEx sample with CMB and X-ray observations
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